In Eukarya, stalled translation induces 40S dissociation and recruitment of the ribosome quality control complex (RQC) to the 60S subunit, which mediates nascent chain degradation. Here we report cryo-electron microscopy structures revealing that the RQC components Rqc2p (YPL009C/Tae2) and Ltn1p (YMR247C/Rkr1) bind to the 60S subunit at sites exposed after 40S dissociation, placing the Ltn1p RING (Really Interesting New Gene) domain near the exit channel and Rqc2p over the P-site transfer RNA (tRNA). We further demonstrate that Rqc2p recruits alanine-and threonine-charged tRNA to the A site and directs the elongation of nascent chains independently of mRNA or 40S subunits. Our work uncovers an unexpected mechanism of protein synthesis, in which a protein-not an mRNA-determines tRNA recruitment and the tagging of nascent chains with carboxy-terminal Ala and Thr extensions ("CAT tails").
D
espite the processivity of protein synthesis, faulty messages or defective ribosomes can result in translational stalling and incomplete nascent chains. In Eukarya, this leads to recruitment of the ribosome quality control complex (RQC), which mediates the ubiquitylation and degradation of incompletely synthesized nascent chains (1) (2) (3) (4) . The molecular components of the RQC include the AAA adenosine triphosphatase Cdc48p and its ubiquitinbinding cofactors, the RING-domain E3 ligase Ltn1p, and two proteins of unknown function, Rqc1p and Rqc2p. We set out to determine the mechanism(s) by which relatively rare (5) proteins such as Ltn1p, Rqc1p, and Rqc2p recognize and rescue stalled 60S ribosome nascent chain complexes, which are vastly outnumbered by ribosomes translating normally or in stages of assembly.
To reduce structural heterogeneity and enrich for complexes still occupied by stalled nascent chains, we immunoprecipitated Rqc1p-bound RQC assemblies from Saccharomyces cerevisiae strains lacking the C-terminal RING domain of Ltn1p, which prevents substrate ubiquitylation and Cdc48 recruitment (1) . Three-dimensional (3D) classification of Ltn1DRING particles revealed 60S ribosomes with nascent chains in the exit tunnel and extraribosomal densities (Fig. 1) . These extraribosomal features were resolved between 5 and 14Å and proved to be either Tif6p or RQC components as characterized below ( Fig. 1 and figs. S1 to S7). Tif6p was not observed bound to the same 60S particles bound by RQC factors (figs. S1 to S3). We repeated the purification, imaging, and 3D classification from rqc2D cells and computed difference maps. This analysis did not reveal density attributable to Rqc1p but did identify Rqc2p as a transfer RNA (tRNA)-binding protein that occupies the 40S binding surface and Ltn1p as the elongated molecule that meets Rqc2p at the sarcin-ricin loop (SRL) (Figs. 1 and 2 and figs. S1 to S5). Comparison of the 60S-bound Ltn1p with reconstructions of isolated Ltn1p suggests that the N terminus of Ltn1p engages the SRL with Rqc2p and that the middle regionwhich contains long HEAT/Armadillo repeats that adopt an elongated superhelical structurereaches around the 60S (6). This conformation probably positions the C-terminal RING domain near the exit tunnel to ubiquitylate stalled nascent chains [figs. S5 and S6 and (7)].
A refined reconstruction of the Rqc2p-occupied class demonstrated that Rqc2p makes extensive contacts with an approximately P-site positioned (~P-site) tRNA (Figs. 1 and 2 and fig. S7 ). Rqc2p has a long coiled coil that makes direct contact with the SRL and the 60S P-stalk base ( Fig. 2A) . This structure also revealed Rqc2p binding to an~A-site tRNA, whose 3′-CCA tail is within the peptidyl transferase center of the 60S (Fig. 2B  and fig. S7 ). This observation was unexpected, because A-site tRNA interactions with the large ribosomal subunit are typically unstable and require mRNA templates and elongation factors (8). Rqc2p's interactions with the~A-site tRNA appeared to involve recognition between the anticodon loop and a globular N-terminal domain, as well as D-loop and T-loop interactions along Rqc2p's coiled coil (Figs. 2 and 3) .
To determine whether Rqc2p binds specific tRNA molecules, we extracted total RNA after RQC purification from strains with intact RQC2 versus rqc2D strains. Deep sequencing by a new method using a thermostable group II intron reverse transcriptase (9) revealed that the presence of Rqc2p leads to an~10-fold enrichment of tRNA Ala(AGC) and tRNA Thr(AGT) in the RQC (Fig.  3A) . In complexes isolated from strains with intact RQC2, Ala(AGC) and Thr(AGT) are the most abundant tRNA molecules, even though they are less abundant than a number of other tRNAs in yeast (10) .
Our structure suggested that Rqc2p's specificity for these tRNAs is due in part to direct interactions between Rqc2p and positions 32 to 36 of the anticodon loop, some of which are edited in the mature tRNA (Fig. 3) . Adenosine 34 in the anticodon of both tRNA Ala(AGC) and tRNA Thr(AGT) is deaminated to inosine (11-13), leading to a diagnostic guanosine upon reverse transcription (13, 14) (Fig. 3 , B and C). Further analysis of the sequencing data revealed that cytosine 32 in tRNA Thr(AGT) is also deaminated to uracil in~70% of the Rqc2p-enriched reads [ Fig. 3 and (15)]. Together with the structure, this suggests that Rqc2p binds to the D-, T-, and anticodon loop of the~A-site tRNA, and that recognition of the 32-UUIGY-36 edited motif accounts for Rqc2's specificity for these two tRNAs (Fig. 3, C and D) . The pyrimidine at position 36 could explain the discrimination between the otherwise similar anticodon loops that harbor purines at base 36.
While assessing why Rqc2p evolved to bind these specific tRNA molecules, we considered these observations: First, our structural and biochemical data indicate that Rqc2p binds the 60S subunit after a stalled ribosome dissociates [ fig. S6 (1, 2)]. Second, stalled nascent chains accumulate as higher-molecular-weight species in the presence of Rqc2p than in its absence [ Fig. 4A , also seen in Fig. 3E of (1)]. Finally, amino acid addition to a nascent chain can be mediated by the large ribosomal subunit in vitro even when decoupled from an mRNA template and the small subunit (16) . Together, these facts led us to hypothesize that Rqc2p may promote the extension of stalled nascent chains with alanine and threonine residues in an elongation reaction that is mRNA-and 40S-free. This hypothesis makes specific predictions. First, the Rqc2p-dependent increase in the molecular weight of the nascent chain should occur from the C terminus exclusively. Second, the C-terminal extension should consist entirely of alanine and threonine residues that start immediately at the stalling sequence. Finally, the alanine and threonine extension should not have a defined sequence.
To test these predictions, we expressed a series of reporters containing a stalling sequence [tracts of up to 12 consecutive arginine codons, including pairs of the difficult-to-decode CGA codon (17) ], inserted between the coding regions of green fluorescent protein (GFP) and red fluorescent protein (Fig. 4A) . Null mutations in RQC components or inhibition of the proteasome led to the accumulation of nascent chain fragments that are normally degraded in wild-type cells (Fig. 4A ) (1) (2) (3) (4) 18) . Furthermore, ltn1D and rqc2D cells have different phenotypes: Expression of the stalling reporter in ltn1D led to the formation and accumulation of higher-molecular-weight species that resolve as a smear~1.5 to 5 kD above the expected position of GFP (Fig. 4A) . GFP massshifted products are observable in rqc1Dltn1D (Fig. 4A) . Thus, Rqc2p is necessary for the production of these higher-molecular-weight GFP species. We probed the location of the extra mass along the GFP by inserting a tobacco etch virus (TEV) protease cleavage site upstream of the stalling tract (Fig. 4B) . GFP resolved as a single band of the expected size with TEV treatment, indicating that the extra mass is located at or after the stall sequence. To pinpoint the location of the extra mass along the GFP, we moved the TEV cleavage site after the R12 stalling sequence. This created a mass-shifted GFP that was insensitive to TEV treatment, suggesting that the post-R12 TEV cleavage site was not synthesized. One possible model is that a translational frameshift occurs near the R12 sequence, which causes the mRNA to be mistranslated until the next out-of-frame stop codon. We falsified this model in two ways. First, we detected an Rqc2p-dependent GFP mass shift using a shorter R4 reporter in which multiple STOP codons were engineered in the +1 and +2 frames following the polyarginine tract ( fig. S8 ). Second, we detected the Rqc2p-dependent GFP mass shift in a construct encoding a hammerhead ribozyme. The ribozyme cleaves the coding sequence of the GFP mRNA, leaving a truncated non-stop mRNA that causes a stall during translation of its final codon [ fig. S8 (19) ]. Thus, the GFP mass shift is located at or after the stall sequence but cannot be explained by mRNA translation past the stalling tract in any frame.
In order to determine the composition of the GFP mass-shifted products, we performed total amino acid analysis of immunopurified GFP from strains expressing the stalling reporter. Purified GFP from ltn1D (Fig. 4C) or rqc1D strains (fig. S9 ) is enriched in alanine and threonine as compared to purified GFP from double mutants with rqc2D which do not produce extended GFP. We then used Edman degradation to sequence TEV release fragments after purification of the stalled GFP reporter from the ltn1D strain. The first three codons in the R12 sequence are CGG-CGA-CGA, and Edman degradation suggested that the ribosome stalls at the first pair of the challengingto-decode CGA codons ( fig. S10) . Following the encoded arginine residues, rising levels of alanine and threonine were detected at the C terminus ( fig. S10) . We further characterized these fragments by mass spectrometry and detected diverse poly-Ala and poly-Thr species ranging from 5 to 19 residues, with no defined sequence (table S1). Together, these observations demonstrate that Rqc2p directs the elongation of stalled nascent chains with nontemplated carboxy-terminal Ala and Thr extensions, or "CAT tails."
Earlier work (1) revealed that the accumulation of stalled nascent chains (e.g., by deletion of LTN1) led to a robust heat shock response that is fully dependent on Rqc2p, although the mechanism by which Rqc2p enabled this stress response was unclear. We hypothesized that CAT tails may be required for activation of heat shock factor 1 (Hsf1p). To isolate the effect of CAT tails in this context, we sought an rqc2 allele that could not support CAT tail synthesis but could still bind to the 60S and facilitate Ltn1p-dependent ubiquitylation of the nascent chains. Rqc2p belongs to the conserved NFACT family of nucleic acid-binding proteins (20) , and the N-terminal NFACT-N domain of Rqc2p is 22% identical to the NFACT-N domain of the Staphylococcus aureus protein Fbp (PDB:3DOA). Based on sequence and predicted secondary structure conservation, we fit this structure into a portion of the cryo-electron microscopy (cryo-EM) density ascribed to Rqc2p (figs. S11 and S12). This modeling exercise predicts that Rqc2p's NFACT-N domain recognizes features of both the P-and A-site tRNA molecules and that conserved residues D9, D98, and R99, which have been hypothesized to play roles in nucleic acidbinding or -modifying reactions (20) , may contact the~A-site tRNA (20) (fig. S12 ). An Rqc2p variant in which these residues were mutated to alanine (rqc2 aaa ) rescued 60S recognition and the clearance of the stalling reporter almost as effectively as wild-type Rqc2p but did not support CAT tail synthesis (Fig. 4D and fig. S12 ). This CAT tail-deficient rqc2 aaa allele also failed to rescue Hsf1p transcriptional activation (Fig.  4E) , indicating that CAT tails may promote Hsf1p activation.
Integrating our observations, we propose the model schematized in fig. S13 . Ribosome stalling leads to dissociation of the 60S and 40S subunits, followed by recognition of the peptidyltRNA-60S species by Rqc2p and Ltn1p. Ltn1p ubiquitylates the stalled nascent chain, and this SCIENCE sciencemag.org leads to Cdc48 recruitment for extraction and degradation of the incomplete translation product. Rqc2p, through specific binding to Ala(IGC) and Thr(IGU) tRNAs, directs the template-free and 40S-free elongation of the incomplete translation product with CAT tails. CAT tails induce a heat shock response through a mechanism that is yet to be determined.
Hypomorphic mutations in the mammalian homolog of LTN1 cause neurodegeneration in mice (21) . Similarly, mice with mutations in a central nervous system-specific isoform of tRNA Arg and GTPBP2, a homolog of yeast Hbs1 which works with PELOTA/Dom34 to dissociate stalled 80S ribosomes, suffer from neurodegeneration (22) . These observations reveal the consequences that ribosome stalls impose on the cellular economy. Eubacteria rescue stalled ribosomes with the transfer-messenger RNA (tmRNA)-SmpB system, which appends nascent chains with a unique C-terminal tag that targets the incomplete protein product for proteolysis (23) . The mechanisms used by eukaryotes, which lack tmRNA, to recognize and rescue stalled ribosomes and their incomplete translation products have been unclear. The RQC-and Rqc2p's CAT tail tagging mechanism in particular-bear both similarities and contrasts to the tmRNA trans-translation system. The evolutionary convergence upon distinct mechanisms for extending incomplete nascent chains at the C terminus argues for their importance in maintaining proteostasis. One advantage of tagging stalled chains is that it may distinguish them from normal translation products and facilitate their removal from the protein pool. An alternate, not mutually exclusive, possibility is that the extension serves to test the functional integrity of large ribosomal subunits, so that the cell can detect and dispose of defective large subunits that induce stalling. 
*
Some tissue types give rise to human cancers millions of times more often than other tissue types. Although this has been recognized for more than a century, it has never been explained. Here, we show that the lifetime risk of cancers of many different types is strongly correlated (0.81) with the total number of divisions of the normal self-renewing cells maintaining that tissue's homeostasis. These results suggest that only a third of the variation in cancer risk among tissues is attributable to environmental factors or inherited predispositions. The majority is due to "bad luck," that is, random mutations arising during DNA replication in normal, noncancerous stem cells. This is important not only for understanding the disease but also for designing strategies to limit the mortality it causes. E xtreme variation in cancer incidence across different tissues is well known; for example, the lifetime risk of being diagnosed with cancer is 6.9% for lung, 1.08% for thyroid, 0.6% for brain and the rest of the nervous system, 0.003% for pelvic bone and 0.00072% for laryngeal cartilage (1-3). Some of these differences are associated with well-known risk factors such as smoking, alcohol use, ultraviolet light, or human papilloma virus (HPV) (4, 5) , but this applies only to specific populations exposed to potent mutagens or viruses. And such exposures cannot explain why cancer risk in tissues within the alimentary tract can differ by as much as a factor of 24 [esophagus (0.51%), large intestine (4.82%), small intestine (0.20%), and stomach (0.86%)] (3). Moreover, cancers of the small intestinal epithelium are three times less common than brain tumors (3), even though small intestinal epithelial cells are exposed to much higher levels of environmental mutagens than are cells within the brain, which are protected by the blood-brain barrier.
Another well-studied contributor to cancer is inherited genetic variation. However, only 5 to 10% of cancers have a heritable component (6) (7) (8) , and even when hereditary factors in predisposed individuals can be identified, the way in which these factors contribute to differences in cancer incidences among different organs is obscure. For example, the same, inherited mutant APC gene is responsible for both the predisposition to colorectal and small intestinal cancers
